R7BP (RGS7 family-binding protein) has been proposed to function in neurons as a palmitoylation-regulated protein that shuttles heterodimeric, G i/o ␣-specific GTPase-activating protein (GAP) complexes composed of G␤5 and RGS7 (R7) isoforms between the plasma membrane and nucleus. To test this hypothesis we studied R7BP palmitoylation and localization in neuronal cells. We report that R7BP undergoes dynamic, signalregulated palmitate turnover; the palmitoyltransferase DHHC2 mediates de novo and turnover palmitoylation of R7BP; DHHC2 silencing redistributes R7BP from the plasma membrane to the nucleus; and G i/o signaling inhibits R7BP depalmitoylation whereas G i/o inactivation induces nuclear accumulation of R7BP. In concert with previous evidence, our findings suggest that agonist-induced changes in palmitoylation state facilitate GAP action by (i) promoting Gi␣ depalmitoylation to create optimal GAP substrates, and (ii) inhibiting R7BP depalmitoylation to stabilize membrane association of R7-G␤5 GAP complexes. Regulated palmitate turnover may also enable R7BP-bound GAPs to shuttle between sites of low and high G i/o activity or the plasma membrane and nucleus, potentially providing spatio-temporal control of signaling by G i/o -coupled receptors.
Sensory stimuli, including light and olfactants, and many modulatory neurotransmitters, psychotherapeutic agents and drugs of abuse elicit their biological effects by activating receptors coupled to pertussis toxin (PTX) 2 -sensitive G proteins of the G i/o class (1, 2) . Signaling by G i/o -coupled receptors is regulated by the R7 family (RGS6, RGS7, RGS9, and RGS11) of RGS (regulator of G protein signaling) proteins (3, 4) . R7 proteins form obligatory heterodimers with G␤5 (5-7), the most diverged member of the G␤ family, producing complexes that regulate signaling kinetics by functioning as GTPase-activating proteins (GAPs) selective for G i/o ␣ subunits (6, 8) . Indeed, RGS9 regulates phototransduction kinetics in photoreceptor cells (9, 10) , and opioid and cocaine action in striatum (11, 12) . RGS7 and 11 regulate photoresponse kinetics in retinal ON bipolar cells (13) (14) (15) . RGS6 regulates muscarinic receptorevoked IKACh gating kinetics in cardiomyocytes (16) .
R7-G␤5 heterodimers associate with R9AP (RGS9 anchor protein) or R7BP (RGS7 family-binding protein), a pair of related SNARE-like proteins (17) . R9AP is a transmembrane protein that binds RGS9 or RGS11 and is expressed in retinal photoreceptors and ON bipolar cells (18, 19) . R9AP is required for stable expression of RGS9 in photoreceptor disk membranes (20) , and RGS11 in ON bipolar cell dendrites (21) . Thus, R9AP is essential for normal photoresponse kinetics in both cell types (10, 20, 21) . In contrast, R7BP is expressed widely in the nervous system, binds each R7 isoform, lacks a transmembrane domain, and associates with membranes by covalent attachment of the fatty acid palmitate to two C-terminal cysteine residues (22) (23) (24) . In striatum, R7BP stabilizes RGS9 expression and function as a regulator of motor coordination and locomotor response to morphine (25) . Intriguingly, blockade of R7BP palmitoylation in cultured cells enables the protein to use a conserved C-terminal polybasic sequence resembling a classical nuclear localization sequence to import R7-G␤5 complexes into the nucleus (23, 24) . Because palmitate attachment to proteins occurs via reversible thioester bonds, R7BP potentially functions as a palmitoylation-regulated protein that shuttles R7-G␤5 heterodimers between the plasma membrane and nucleus.
However, whether endogenous R7BP functions in neuronal cells as a palmitoylation-regulated shuttling protein remains unclear. On the one hand, R7BP is palmitoylated efficiently because at steady state it associates nearly exclusively with membrane fractions of brain extracts (24, 26) . On the other, steady state nuclear accumulation of RGS7 and G␤5 in neurons appears to depend partially on R7BP (27) . These potentially discordant lines of evidence derived from steady-state localization measurements underscore the importance of determining whether R7BP palmitoylation is stable or undergoes dynamic and reversible turnover. In principle, either outcome is a possibility because palmitoylation of certain proteins is dynamic and regulatory whereas palmitoylation of others is stable and nonregulatory (28) .
Here we have tested the shuttling hypothesis by examining R7BP palmitoylation and localization in neuronal cells. We show that R7BP palmitoylation undergoes extensive turnover, identify palmitoyltransferase activity involved in de novo and turnover palmitoylation of R7BP, and find that G protein signaling regulates R7BP palmitoylation cycling and intracellular localization. Besides supporting the hypothesis that R7BP functions in neuronal cells as a palmitoylation-regulated protein, our findings deepen understanding of mechanisms whereby signal-regulated palmitate turnover controls the action of GAP complexes toward G i/o ␣ subunits that mediate the action of modulatory neurotransmitters and drugs of abuse.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfection-Neuro2A and HEK293 cells were cultured at 37°C in DMEM (Dulbecco's modified Eagle's medium) with HEPES (10 mM), penicillin (100 units/ml), streptomycin (100 g/ml) and fetal bovine serum (10% v/v). Neuro2A cells stably transfected with FLAG-R7BP were maintained in medium supplemented with geneticin (2 mg/ml, Washington University tissue culture support center). Cells were treated as indicated with cycloheximide (CHX, Sigma), WIN 55,212-2 (WIN, Sigma), or puromycin (Sigma) in serumcontaining medium at 37°C unless otherwise noted. Cells were transfected with Fugene HD reagent (Roche Applied Science) according to the supplier's recommendations.
Cortical Neuron Isolation and Culture-Cortical primary neuron isolation was performed according to previous publications with minor modifications (29) . All experimental protocols involving vertebrate animals were approved by the Animal Studies Committee at Washington University. Female pregnant rats (Sprague-Dawley) were purchased from Charles River Laboratories. Rat pups were euthanized at day P1. The brain was exposed and cortices were dissected and cut into pieces. Cortical tissue was digested in trypsin/EDTA solution for 15 min at 37°C, followed by neutralization with FBS. After washing, cortical tissues were dissociated by gentle trituration with a fire-polished Pasteur pipette. Dissociated cells were collected by centrifugation at 500 ϫ g and suspended in Neurobasal/ 10%FBS medium. Cells were plated into 6-well plates on poly-D-lysine-coated coverslips. After 3 h, the medium was replaced with culture medium (neurobasal medium/B27/glutamine/ penicillin-streptomycin). A mixture of antimitotics (5-fluoro-2Ј-deoxyuridine, uridine, and cytosine ␤-D-arabinofuranoside) was used to inhibit glial cell propagation at DIV5. For palmitate-labeling experiments, cells were cultured for 14 days and labeled as described below. Otherwise, neuronal cells were cultured for 19 d prior to overnight treatment with 0.2 g/ml pertussis toxin (30) and paraformaldehyde fixation.
Antibodies-The following commercially produced antibodies were used: rabbit polyclonal G o ␣ (Santa Cruz Biotechnology) and GFP (AbCam) antibodies, and mouse monoclonal anti-FLAG (Sigma) antibodies. Our affinity-purified rabbit and chicken polyclonal anti-R7BP antibodies have been described previously (26) . Goat anti-mouse IR800 and Goat anti-rabbit IR 680 were obtained from LI-COR. Alexa Fluor 488-labeled goat anti-rabbit IgG and Alexa Fluor 568-labeled goat anti-mouse IgG were obtained from Invitrogen. Pertussis toxin holoenzyme was purchased from Calbiochem.
Plasmids-Plasmids expressing shRNAs were made by inserting hairpin-encoding sequences between the AgeI and BamHI sites of pLKO.1. The following target sequences were used to knock-down expression of mouse DHHC2: GGAG-GAATGGAACAACCTTCC (SH1), GGAAGGCACCATTT-GCCAATT (SH2), and GAAATCAGAGGGAACACATGC (SH3). The target sequences are located in the non-conserved 3Ј-UTR of DHHC2 mRNA. A scrambled shRNA sequence (CCTAAGGTTAAGTCGCCCTCG) provided a control. pEGFP-DHHC2, pEGFP-DHHC3, pEGFP-DHHC5, pEGFP-DHHC6, pEGFP-DHHC7, pEGFP-DHHC11, pEGFP-DHHC13, and pEGFP-DHHC17 were constructed by subcloning cDNAs for each enzyme into pEGFP-N1 or -C1. pEGFPmDHHC2 ϩ 3Ј-UTR was constructed by cloning the DHHC2 coding region and 1169 bp 3Ј-UTR from mouse brain cDNA between the NcoI and BamHI sites of pEGFP-C3. cDNA was synthesized using a high capacity cDNA reverse transcriptase kit (Applied Biosciences). pTR-UF-tdRFP-R7BP was made by inserting the wild-type R7BP coding region into pTR-UF-tdRFP. Plasmids expressing GFP-N-Ras, GFP-Syntaxin 7, constitutively active G o ␣Q204L, pEGFP-R7BP, and p3xFLAG-R7BP clones have been described previously (23, 31, 32) .
Quantitative RT-PCR-Total RNA was extracted from Neuro2A cells or brain tissues using Nucleospin RNA II kits (Clontech). Quantitative PCR was performed using an Applied Biosystems 7000 system (Applied Biosciences) and the QTaq TM one-step qRT-PCR SYBR kit (Clontech). Expression values were normalized to expression of GAPDH. Primer sequences will be provided upon request.
Metabolic Labeling-To detect new protein synthesis, Neuro2A cells stably expressing FLAG-R7BP (26) (6 ϫ 10 5 cells/well in 6-well plates) were incubated with methionine-free DMEM for 5 min and then labeled 1 h with medium containing [ 35 S]methionine (50 Ci/ml; Perkin Elmer). Labeled cells were lysed and subjected to anti-FLAG immunoprecipitation and SDS-PAGE analysis as described previously (23) . To detect palmitoylation of FLAG-tagged R7BP protein, Neuro2A cells stably transfected with FLAG-R7BP (6 ϫ 10 5 cells/well in 6-well plates) were incubated 5 min in 2 ml of serum-free DMEM medium containing pyruvate (1 mM) and non-essential amino acids (0.1 mM each). Cells were metabolically labeled 1 h in medium containing [ 3 H]palmitate (0.5 mCi/ml; Perkin Elmer) and dialyzed fetal calf serum (10%). Cells were lysed and subjected to anti-FLAG immunoprecipitation, as follows. Labeled cells were lysed with 500 l of MCLB buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 5 mM EDTA, 0.75% Igepal, and 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, complete protease inhibitor mixture (Roche)). Supernatant fractions obtained following centrifugation at 12,000 ϫ g for 10 min were immunoprecipitated with 12.5 l of FLAG-agarose beads (Sigma). After washing, each immunoprecipitate was eluted and separated on three SDS-polyacrylamide gels: one for anti-FLAG Western blotting, a second for scintillation counting of the FLAG-R7BP band after treating gel slices with Soluvin (Perkin Elmer), and a third for fluorography at Ϫ80°C after soaking with salicylic acid in methanol and drying. To detect palmitoylation of GFP-tagged N-Ras and syntaxin 7 proteins, anti-GFP antibody and protein G-coupled agarose beads were used for immunoprecipitation in the above protocol. For pulsechase experiments, Neuro2A cells stably transfected with FLAG-R7BP were metabolically labeled 3 h in media containing [ 3 H]palmitate. Cells were washed and incubated in DMEM containing unlabeled palmitate (100 M), pyruvate (1 mM), non-essential amino acids (0.1 mM each) and dialyzed fetal calf serum (10%). At various time points, labeled cells were harvested, lysed and subjected to anti-FLAG immunoprecipitation. Samples were analyzed on three gels as described above. To detect palmitoylation of endogenous R7BP in rat cortical neurons, we metabolically labeled neuronal cultures (DIV14) 6 h in Neurobasal medium containing [ 3 H]palmitate (0.5 mCi/ ml) and pyruvate (1 mM), nonessential amino acids (0.1 mM each) and dialyzed fetal calf serum (10%). Cells were lysed and immunoprecipitated as described above except that affinitypurified rabbit anti-R7BP antibodies were used (26) . Immunoprecipitates were resolved by SDS-PAGE, transferred to PVDF membranes, and visualized by immunoblotting with affinitypurified chicken anti-R7BP antibodies (26) , and fluorography to detect labeled R7BP.
Fluorescence Confocal Microscopy-Neuro2A cells were transfected as indicated with pEGFP-DHHC2, pEGFP-DHHC11, pEGFP-DHHC17, pTR-UF-tdRFP R7BP, pEGFP-R7BP, and/or pLKO.1-based plasmids for DHHC2 knock down. At 24 h post-transfection, cells were seeded at low density on poly-D-lysine (10 g/ml)-coated 18-mm glass coverslips (Fisher) and serum starved for an additional 24 -48 h. Cells were then fixed with paraformaldehyde (4%) for 10 min at room temperature. Neurons were stained with rabbit anti-R7BP and mouse anti-NeuN, antibodies followed by Alexa Fluor-488-labeled goat anti-rabbit IgG and Alexa Fluor-568-labeled goat anti-mouse IgG. Cells were mounted in VECTASHIELD mounting medium (Vector Laboratories). Fluorescence images were captured at room temperature on an Olympus BX52 microscope equipped with a 1.35NA 100ϫ UPlanApo objective, spinning disc confocal scanner unit (CSU10), Picarro Cyan (488 nm; Sunnyvale, CA) and Cobolt Jive (561 nm; Solna, S.E.) lasers and a Stanford Photonics XR MEGA-10 CCD camera (Palo Alto, CA), by using In Vivo software (Media Cybernetics). Only brightness, contrast, and color balance were adjusted for the whole image using ImageJ software for image analysis and assembly as montages.
Statistical Analysis-The results are expressed as means Ϯ S.E. of the mean (S.E.). Statistical comparisons between groups were done using Student's t test.
RESULTS

R7BP Undergoes Palmitate Turnover in Neuronal Cells-To
determine whether R7BP palmitoylation is stable or undergoes turnover in neuronal cells that endogenously express its obligatory R7-G␤5 binding partners, we analyzed a Neuro2A neuroblastoma cell line stably transfected with FLAG-R7BP at levels that match those of endogenous R7BP in brain (26) , and primary cultures of rat cortical neurons. Cells were labeled with [ (Fig. 1B, top panel) . In contrast, CHX treatment did not significantly reduce the relative efficiency of FLAG-R7BP labeling with [ 3 H]palmitate (Fig. 1B) , indicating that extensive palmitate cycling on pre-existing FLAG-R7BP occurred during the 1 h labeling period. Palmitate cycling on FLAG-R7BP was not due to CHX treatment, as shown by [ 3 H]palmitate pulse-chase labeling experiments in the absence of CHX. In this experiment, label associated with FLAG-R7BP declined dramatically during the 1 h chase, indicating that extensive palmitate cycling occurred (Fig. 1C) .
To determine whether palmitate turnover on FLAG-R7BP in Neuro2A cells is specific or occurs on many other proteins, we compared the palmitate labeling efficiency of transfected N-Ras and syntaxin 7 with or without CHX treatment. Like FLAG-R7BP, N-Ras was labeled similarly under both conditions (Fig.  1B) , consistent with prior evidence that this protein undergoes extensive and rapid palmitate turnover (33) . In contrast, syntaxin 7 was labeled ϳ50% less efficiently in the presence versus absence of CHX (Fig. 1B) , consistent with previous evidence indicating that palmitate turnover on this protein occurs relatively slowly (32). These differences indicated that rapid palmitoylation turnover on R7BP in Neuro2A cells is an intrinsic property of this protein rather than a general property of this neuronal cell line.
Consistent with this conclusion, we found that palmitate turnover also occurred on R7BP expressed endogenously in primary neurons. We analyzed [ 3 H]palmitate labeling efficiency of R7BP in cortical neurons (14 DIV) isolated from neonatal rats. Results indicated that R7BP was labeled similarly in the absence or presence of CHX (Fig. 1D) . Thus, all lines of evidence indicated that R7BP undergoes extensive and rapid palmitate turnover in neuronal cells, and that results from Neuro2A cells and primary cortical neurons are comparable, indicating that Neuro2A cells provide a suitable model to study R7BP palmitoylation.
DHHC2 Augments Biosynthetic and Turnover Palmitoylation of R7BP-To identify mechanisms responsible for R7BP palmitoylation, we studied members of the 23 mouse or human genes encoding the DHHC family of palmitoyltransferases (34) . Analysis of these enzymes would provide tools needed to identify mechanisms responsible for trafficking of R7BP. Results of quantitative RT-PCR experiments ( Fig. 2A) indicated that Neuro2A cells stably transfected with FLAG-R7BP significantly express DHHC2, 3, 5, 6, 7, 13, and 17 but not other DHHC isoforms. Furthermore, we found that DHHC2, 17, and 18 mRNAs are highly expressed in mouse brain ( Fig. 2A, lower  panel) . We therefore determined which of several DHHC proteins, when overexpressed in HEK293 cells, augments palmitoylation of co-transfected FLAG-R7BP. This approach has been used recently by several investigators to screen DHHC isoforms that augment palmitoylation of a given substrate (reviewed in Ref. 28 ). We found that DHHC2 overexpression increased palmitate labeling of FLAG-R7BP (Fig. 2B) , whereas overexpression of other DHHC proteins had less effect. The results of expression and palmitoylation experiments therefore suggested that DHHC2 potentially mediates R7BP palmitoylation.
To explore the role of DHHC2 in neuronal cells where R7BP and its R7-G␤5 binding partners are co-expressed, we studied the effects of overexpressing this enzyme or DHHC11 and DHHC17 as a controls in Neuro2A cells stably expressing FLAG-R7BP. Here, DHHC2 overexpression augmented the extent of FLAG-R7BP palmitoylation nearly 2-fold whereas overexpression of DHHC11 or DHHC17 had no significant Fig. 2C and supplemental Fig. S1 ). Even in the presence of CHX, DHHC2 overexpression increased the palmitoylation of pre-existing FLAG-R7BP by ϳ50% whereas DHHC11 or DHHC17 overexpression had no effect under these conditions (Fig. 2C) . Therefore, overexpressed DHHC2 but not DHHC11 or DHHC17 augmented palmitoylation of pre-existing FLAG-R7BP. Because DHHC2 overexpression increased palmitoylation of FLAG-R7BP to a greater extent in control versus CHXtreated cells (Fig. 2C) , this difference indicated that DHHC2 also augments palmitoylation of newly synthesized FLAG-R7BP. Thus, overexpressed DHHC2 can mediate both de novo and turnover palmitoylation of FLAG-R7BP in Neuro2A cells.
effect (
DHHC2 and R7BP Are Co-localized and -expressed-Because DHHC2 augments R7BP palmitoylation, the two proteins may be co-localized and -expressed. To test this possibility we co-transfected Neuro2A cells with GFP-tagged DHHC2 (GFP-DHHC2) and RFP-tagged R7BP (RFP-R7BP). For controls we co-transfected RFP-R7BP with GFP-DHHC11 or GFP-DHHC17, which did not augment R7BP palmitoylation. Results of confocal fluorescence microscopy experiments (Fig. 3A) indicated that GFP-DHHC2 co-localized extensively with RFP-R7BP on the plasma membrane whereas GFP-DHHC11 or -DHHC17 did not. Relatively little co-localization of RFP-R7BP with GFP-DHHC2, -DHHC11, or -DHHC17 was evident in intracellular compartments. Because R7BP is a neuron-specific protein that is highly expressed in several brain regions (23), we determined whether DHHC2 is also widely expressed in brain. DHHC2 and R7BP mRNA are expressed in cortex, hippocampus, and striatum (Fig. 3B) . Therefore, DHHC2 and R7BP exhibit similar localization and expression patterns, as expected for a bona fide enzyme-substrate pair.
Results of quantitative RT-PCR experiments indicated that
DHHC2 Silencing Blunts Palmitoylation and Induces Nuclear Localization of R7BP-
The preceding results suggested that DHHC2 could be an enzyme important for R7BP palmitoylation. We tested this hypothesis by determining the effects of silencing DHHC2 expression in Neuro2A cells. Initially we identified three shRNAs targeted to unique sequences in the 3Ј-UTR of the mouse DHHC2 mRNA that, relative to a scrambled shRNA control, reduced expression of transiently transfected GFP-tagged DHHC2 protein in HEK293 cells (Fig.  4A ). Subsequently we stably expressed these DHHC2-specific shRNAs in Neuro2A cells stably expressing FLAG-R7BP. Each shRNA reduced endogenous DHHC2 mRNA expression by ϳ80% (Fig. 4B) relative to the scrambled control shRNA, and decreased palmitate labeling of FLAG-R7BP by 50 -70% (Fig.  4C ). DHHC2 silencing also caused GFP-tagged R7BP to accumulate within the nucleus of Neuro2A cells (60% of cells; n ϭ 46), whereas few cells (4%) expressing the control shRNA had detectable levels of GFP-R7BP in the nucleus (Fig. 5) . Therefore, DHHC2 is critically important in Neuro2A cells for palmitoylation and plasma membrane localization of R7BP.
G i/o Signaling Regulates Palmitate Turnover and
Trafficking of R7BP-Having demonstrated that R7BP undergoes rapid and extensive palmitate turnover in neuronal cells via DHHC2, our final objective was to determine whether palmitate turnover and trafficking of R7BP occurs in a constitutive or regulated manner. Addressing this question would directly test the hypothesis that R7BP functions as a palmitoylation-regulated plasma membrane-nuclear shuttling protein for G i/o GAP complexes composed of R7-G␤5 heterodimers, potentially resolving conflicting evidence from previous studies that simply examined steady-state palmitoylation and localization patterns. We determined whether R7BP palmitoylation and localization are altered when G i/o signaling is activated or inactivated. Initially we analyzed palmitate turnover on FLAG-R7BP stably expressed in Neuro2A cells that were stimulated by an agonist (WIN 55,212-2) for G i/o -coupled CB1 cannabinoid receptors, which are expressed endogenously by these cells (35) . Results of palmitate pulse-chase labeling experiments indicated that CB1 receptor activation stabilized FLAG-R7BP palmitoylation by inhibiting the rate of depalmitoylation (Fig.  6A) . A similar inhibitory effect on FLAG-R7BP depalmitoylation was observed in pulse-chase experiments using Neuro2A cells transiently transfected with constitutively active G o ␣-Q204L (Fig. 6B) . A, identification of shRNAs that silence DHHC2 expression. HEK293 cells were co-transfected with plasmids expressing GFP, GFP-DHHC2, and shRNAs (SH1, SH2, SH3) targeted to three sites within the DHHC2 3Ј-UTR or a control shRNA. Silencing of GFP-DHHC2 expression was analyzed by immunoblotting with GFP antibodies. B, silencing DHHC2 expression in Neuro2A cells. Neuro2A cells stably expressing FLAG-R7BP were transfected with control or the indicated DHHC2-specific shRNA-expressing plasmids. DHHC2 silencing was quantified by RT-qPCR relative to control shRNA-transfected cells. C, DHHC2 silencing impairs FLAG-R7BP palmitoylation. Neuro2A cells stably expressing FLAG-R7BP and the indicated control or DHHC2-specific shRNAs were analyzed by [ 3 H]palmitate labeling as described in Fig. 1 . Results shown are the average of three experiments. Error bars indicate S.E. *, p Ͻ e-10. The preceding results indicated that CB1 receptor activation or activated Go␣ modestly decrease the rate of R7BP depalmitoylation relative to control cells. Potentially, such modest effects could occur because agonists for G i/o -coupled receptors are present in serum-containing media used for palmitate labeling, thus providing substantial G i/o signaling that slows the rate of R7BP depalmitoylation. Thus, as an alternative we determined whether blocking G i/o signaling would have a larger and opposite effect by promoting R7BP depalmitoylation and allowing R7BP to shuttle into the nucleus. To test this idea and extend the analysis to primary neurons, we studied the localization of endogenous R7BP in rat primary cortical neurons that were treated or not with PTX, which blocks receptor-mediated activation of G i/o -class G proteins. In control neurons stained with affinity-purified R7BP antibodies, endogenously expressed R7BP localized to the plasma membrane of neuronal soma and dendrites (Fig. 7) . As expected from previous studies (26) , nuclear-localized R7BP was undetectable under these control conditions (n ϭ 114 neurons). In striking contrast, we found in PTX-treated neurons (n ϭ 89) that R7BP is readily detected within nuclei (60% of neurons; Fig. 7 ). R7BP antibody staining was specific because low, background staining was observed in glia, which do not express R7BP (26) , and in neurons stained with antigen-blocked R7BP antibodies (supplemental Fig. S2 ). Why PTX did not cause R7BP accumulation in the nuclei of all neurons is unknown. Perhaps R7BP localization is regulated differentially in various neuron classes present in primary cultures, or dynamic processes such as R7BP nuclear import/export still occur in PTX-treated neurons and affect the probability of detecting R7BP within the nucleus. Nevertheless, the effects of activating versus blocking G i/o signaling indicated that palmitoylation of R7BP is a dynamic and regulated process that controls the ability of this protein to shuttle from the plasma membrane to the nucleus in neuronal cells.
DISCUSSION
Here we have shown that R7BP palmitoylation and subcellular localization in neuronal cells are dynamic processes that are controlled in part by the palmitoyltransferase DHHC2 and G i/o signaling. As discussed below, these findings support the hypothesis that R7BP functions in neuronal cells as a palmitoylation-regulated shuttling protein for G i/o -specific R7-G␤5 GAP complexes, and provide new understanding of protein palmitoylation mechanisms and their roles in controlling G protein signaling networks. 
R7BP Shuttling of R7-G␤5 GAP Complexes in Neuronal
CellsInitial evidence suggesting that R7BP functions as a palmitoylation-regulated protein that shuttles GAP complexes (R7-G␤5 heterodimers) between the plasma membrane and nucleus was based on overexpression studies and steady state measurements of palmitoylation and localization (23, 36) . Although subsequent studies of brain extracts or slices failed to detect a significant pool of nuclear R7BP at steady state (19, 26, 27) , these investigations did not test the shuttling hypothesis because they did not examine whether R7BP palmitoylation or localization is static or dynamic. Similar factors limit interpretation of recent studies of neurons from R7BP knock-out mice showing that steady state nuclear accumulation of RGS7 and G␤5 depends in part on R7BP (27) . In contrast, here we have provided several lines of evidence directly supporting the hypothesis that R7BP is a palmitoylation-regulated shuttling protein in neuronal cells: R7BP undergoes extensive palmitate turnover; the palmitoyltransferase DHHC2 mediates de novo and turnover palmitoylation of R7BP; DHHC2 silencing impairs R7BP palmitoylation and causes nuclear accumulation of R7BP; and G i/o signaling inhibits R7BP depalmitoylation whereas blockade of G i/o signaling enables R7BP to accumulate in the nucleus. These findings suggest that G i/o signaling in vivo may stabilize R7BP palmitoylation and thus limit steady state accumulation of R7BP within the nucleus. They also suggest that changes in G i/o signaling activity may alter the dynamics of R7BP palmitoylation and thus affect trafficking.
Because R7-G␤5 heterodimers are obligate binding partners of R7BP (26), the palmitoylation and trafficking mechanisms reported herein are likely to impact subcellular targeting, shuttling, and function of the R7BP-bound pool of GAP complexes in neuronal cells. Complexes containing RGS9-2 are likely to be regulated particularly effectively by these mechanisms because this striatum-enriched R7 splice variant requires R7BP for proteolytic stability and subcellular targeting (37) . However, because other R7-G␤5 dimers (e.g. RGS7-G␤5) exist in R7BP-bound and -free pools (26) , trafficking and function of only the R7BP-bound pool would be affected by the regulatory mechanisms we have identified here. Indeed, the absence of R7BP only partially affects association of RGS7-G␤5 dimers with membrane or nuclear fractions of brain extracts (27) . Thus, R7BP-independent localization mechanisms of certain R7-G␤5 complexes in neuronal cells remain to be elucidated.
Functions of DHHC2-To our knowledge, our studies of DHHC2 and R7BP are the first to indicate that a single DHHC isoform can mediate both de novo and turnover palmitoylation of a specific substrate. DHHC2 is likely to have diverse functions because it can palmitoylate several substrates, including PSD-95 (38, 39) , endothelial nitric oxide synthase (40), cytoskeleton-associated protein 4 (41), tetraspanins (42), GAP43 (38) , and G i ␣2 (43) . It is intriguing that DHHC2 participates in palmitoylation turnover on R7BP and PSD-95, which both localize postsynaptically. DHHC2 localization to Golgi elements in dendrites and activity-sensitive recruitment to postsynaptic sites (39) makes this enzyme well suited to participate in signal-regulated palmitoylation. Furthermore, the ability of DHHC2 to palmitoylate both G i ␣2 and R7BP suggests that this enzyme has critical roles in regulating the action of G i/o -coupled modulatory neurotransmitter receptors by mechanisms discussed below. However, because substrate proteins often can be palmitoylated by various DHHC isoforms (28, 34, 44) , we anticipate that R7BP could be palmitoylated by enzymes in addition to DHHC2.
Control of GAP-regulated G i/o
Signaling by Palmitate Turnover-Taken together with previous evidence, our findings broaden understanding of mechanisms whereby agonist regulation of palmitate turnover facilitates GAP regulation of G i/o signaling kinetics. As shown previously, cell stimulation by a G i/o -coupled receptor agonist augments depalmitoylation of G i ␣ (45), increasing the pool of depalmitoylated G i ␣ subunits that are preferred substrates for several RGS protein GAPs (46) . We have found that G i/o signaling inhibits R7BP depalmitoylation, which is expected to stabilize or recruit R7BP-bound GAP complexes at the plasma membrane. Thus, the concerted yet opposite effects of agonist stimulation on G i ␣ and R7BP depalmitoylation potentially act in concert to facilitate GAP complex regulation of G i signaling kinetics. In a variation of this theme, constitutive palmitate turnover on G o ␣ (47) would provide the pool of optimal GAP substrate, and agonist stimulation would inhibit R7BP depalmitoylation to recruit GAP complexes to the plasma membrane.
Mechanisms enabling receptor agonist stimulation to inversely regulate G i ␣ and R7BP depalmitoylation are unknown. However, a simple hypothesis is that the accessibility of protein-palmitoylthioesterase activity toward G i ␣ and R7BP is augmented and inhibited, respectively, upon agonist stimulation. APT1, the only thioesterase known thus far to depalmitoylate protein substrates (48) , is presumably involved in this process. Interestingly, APT1 can exhibit large differences in activity toward distinct substrates (49, 50) . Thus, studies of APT1 action toward G i ␣ and R7BP might reveal how a single stimulus can have opposing effects on depalmitoylation rates of distinct proteins.
A further function of palmitate turnover on R7BP may be to shuttle GAP complexes between sites of low and high G i/o activity on the plasma membrane, potentially providing spatial control of G i/o signaling kinetics. R7BP-bound GAP complexes could be recruited to sites of high G i/o activity because R7BP depalmitoylation would be inhibited there. As G i/o activity at these sites wanes, R7BP depalmitoylation is expected to increase, releasing R7BP for repalmitoylation and targeting to other sites where relatively high G i/o activity occurs.
Perhaps most provocatively, as neuronal G i/o signaling desensitizes, depalmitoylated R7BP may accumulate at levels sufficient to shuttle GAP complexes into the nucleus. Such a process could provide a mechanism of transducing desensitization signals between the plasma membrane and nucleus, or promoting resensitization by sequestering GAP complexes within the nucleus. Indeed, as cells become resensitized these mechanisms could be reversed easily because unpalmitoylated R7BP shuttles in and out of the nucleus (36) , enabling it to be repalmitoylated and targeted to the plasma membrane as G i/o signaling resumes. In summary, our discovery that R7BP palmitoylation is dynamic and regulated reveals a novel and versatile mechanism capable of providing spatio-temporal control of G i/o -coupled receptor signaling networks mediating the action of scores of modulatory neurotransmitters and drugs of abuse. It will be intriguing to dissect the roles of palmitate cycling once neuron-based assays of R7BP function are established.
